Suppressors of the methyl methanesulfonate sensitivity of Saccharomyces cerevisiae diploids lacking the Srs2 helicase turned out to contain semidominant mutations in Rad51, a homolog of the bacterial RecA protein. The nature of these mutations was determined by direct sequencing. The 26 mutations characterized were single base substitutions leading to amino acid replacements at 18 different sites. The great majority of these sites (75%) are conserved in the family of RecA-like proteins, and 10 of them affect sites corresponding to amino acids in RecA that are probably directly involved in ATP reactions, binding, and/or hydrolysis. Six mutations are in domains thought to be involved in interaction between monomers; they may also affect ATP reactions. By themselves, all the alleles confer a rad51 null phenotype. When heterozygous, however, they are, to varying degrees, negative semidominant for radiation sensitivity; presumably the mutant proteins are coassembled with wild-type Rad51 and poison the resulting nucleofilaments or recombination complexes. This negative effect is partially suppressed by an SRS2 deletion, which supports the hypothesis that Srs2 reverses recombination structures that contain either mutated proteins or numerous DNA lesions.
The RAD51 gene of Saccharomyces cerevisiae is involved in recombination and recombinational repair (for a review, see reference 19) . It encodes a protein with homologies to the bacterial RecA proteins (1, 3, 36) . These homologies are localized in the regions that form the hydrophobic core of the RecA protein, containing the ATPase and DNA binding domains, as deduced from the three-dimensional structure of the molecule (38) (39) (40) .
Rad51 forms with double-stranded (ds) DNA (27) and single-stranded (ss) DNA (42) filaments similar in structure to those observed with RecA. In the presence of the Rpa DNAbinding proteins, it catalyzes the homologous DNA strand exchange reaction (41, 42) . Three other S. cerevisiae genes, RAD55 (20) , RAD57 (16) , and DMC1 (7), also code for proteins with homologies to the ATPase domain of RecA. RAD51, RAD55, and RAD57 belong to the RAD52 epistasis group of genes involved in the repair of ionizing radiation (10) and are part of the same homologous recombination pathway (29) . These proteins may well be part of a multiprotein complex: Rad51 interacts with Rad52 in vitro (36) and in vivo (24) ; it also interacts with Rad55, which in turn interacts with Rad57 (11, 15) . DMC1 is expressed only during meiosis and is involved in meiotic recombination (7) . The Dmc1 and Rad51 proteins appear to be associated in recombination complexes (6) . Homologs of Rad51 have also been identified in two other yeasts, Kluyveromyces lactis (9) and Schizosaccharomyces pombe (14, 35) , in Neurospora crassa (8) , and in higher eucaryotes, including Xenopus laevis (21) , chicken (5) , mouse (26, 35) , and human cells (35) . In all cases, the regions of greatest homology are confined to the ATPase and DNA binding domains. The human protein forms nucleofilaments with both ss and ds DNAs (4) .
In our laboratory, we characterized Rad51 as a RecA homolog in the course of a study on diploids lacking the Srs2 DNA helicase (1) . Homozygous srs2⌬ diploids are highly sensitive to both UV and ionizing radiation. This was attributed to abortive recombinational repair events, at least after UV irradiation, because homozygous deletions of RAD51 or RAD52, which prevent recombinational repair and render the cells only slightly UV sensitive, suppress the high sensitivity of srs2 Ϫ diploids. A semidominant mutation in RAD51, called rad51-10, was selected as a suppressor of the methyl methanesulfonate (MMS) sensitivity of srs2 Ϫ diploids. This mutation by itself abolished recombinational repair but had the unusual property in the heterozygous state not only of suppressing the radiation sensitivity of srs2 Ϫ cells but also of being negative semidominant in SRS2 ϩ diploids. To explain these effects, we hypothesized that rad51-10 affects a domain that is essential for recombination and, in the presence of the wild-type protein, poisons a recombinational complex bound to DNA. The negative semidominance found in SRS2 ϩ cells, as well as the suppression of the sensitivity of srs2 Ϫ cells, was attributed to this poisoning. On the basis of the above hypothesis, we believed that the positive selection of suppressors of the MMS sensitivity of srs2 Ϫ diploids would permit isolation of semidominant mutations in recombination genes coding for different proteins of the recombination complex and might allow the identification of protein residues that are essential for recombination.
We report here the analysis of 26 independent suppressors of this type. All of them were due to single heterozygous mutations, always in RAD51, leading to amino acid substitutions in domains conserved among the Rad51-like proteins, which correspond to the core of RecA that is involved in ATP reactions, DNA binding, and, in part, interaction between RecA monomers. In order to quantify the effects of the mutations and to gain some insight into the relationship between the Rad51 and Srs2 activities, we also studied the killing and recombinogenic responses to UV and ionizing radiation of strains that are heterozygous for these new alleles.
MATERIALS AND METHODS
Strains. Two isogenic series of strains were used in this study. One comprises FF18733, of genotype MATa leu2-3,112 trp1-289 ura3-52 his7-2 lys2-1, and FF18749, the corresponding diploid, homozygous for srs2::LEU2, which was used to select the suppressed strains. They were induced to sporulate, and then monosporous clones of genotype MATa leu2-3,112 trp1-289 ura3-52 his7-2 lys2-1 srs2::LEU2 rad51-x were isolated. The rad51 haploid strains are named FF181409 to FF181426 for the 18 alleles (Table 1) . In cases in which two substitutions exist for the same site, only the first one is included. The rad51-10 strain described by Aboussekhra et al. (1) , FF18785, has a T-to-N mutation at position 324 (T324N). The other series of isogenic strains includes FF18985, of genotype MAT␣ leu2-3,112 trp1-289 ura3-52 his7-1 lys1-2; FF18994, a MAT␣ srs2::LEU2 derivative; and FF18988, a MAT␣ rad51::URA3 derivative. The hemizygous diploids were constructed by crossing the srs2::LEU2 rad51-x haploids with FF18988 to obtain the srs2/SRS2 rad51-x/rad51⌬ combination of alleles. The heterozygous diploids were constructed by crossing the srs2::LEU2 rad51-x haploids either with FF18985, to obtain the srs2::LEU2/SRS2 rad51-x/RAD51 combination of alleles, or with FF18994, to obtain the srs2::LEU2/srs2::LEU2 rad51-x/RAD51 genotype. These diploids are isogenic and heteroallelic for HIS7.
Media and growth and transformation procedures. The yeast media, complete (YPD), minimal (SD), and sporulation (SPM), were as described by Sherman et al. (34) . MMS-YPD medium contained 0.01% MMS (Sigma). Yeast cells were grown at 30ЊC. Yeast cells were transformed with lithium acetate (13) , while bacteria were transformed by the method of Maniatis et al. (22) .
Irradiations. Exponential-phase (1 ϫ 10 7 to 2 ϫ 10 7 /ml) or stationary-phase cells were grown in liquid YPD. Cells were washed by centrifugation in 0.9% NaCl and resuspended at the desired concentration prior to irradiation. Irradiation with UV light (260 nm) or with gamma rays ( 60 Co) was performed as described earlier (2) . For the determination of induced recombination frequencies, the irradiated cells were plated on the appropriate selective SD medium. DNA manipulations and sequencing. All the methods used were the standard procedures of Maniatis et al. (22) . For direct sequencing of the different rad51 mutations, total DNA from the mutated monosporous clones was amplified by PCR. It was sequenced according to the procedure of Pittler and Baehr (28) . Sequencing was done by the dideoxy technique (32) .
RESULTS

Suppressors of the MMS sensitivity of srs2
؊ diploids are semidominant mutations of RAD51. Diploids homozygous for a genomic deletion of SRS2 are sensitive to the lethal effects of DNA-damaging agents (2) . To select suppressors of this sensitivity, colonies of the diploid strain FF18749, which contain a homozygous srs2::LEU2 deletion (srs2⌬), were replica plated onto YPD medium containing MMS at a concentration (0.01%) that inhibits growth of the srs2⌬ homozygous mutant but not of wild-type cells. After 4 days of incubation, a number of papillae had developed into colonies, and 26 independent isolates were characterized by tetrad analysis. In all cases, the spore viability was significantly improved compared with that of the homozygous srs2⌬ parental strain, for which spore viability is reduced to about 50% (2) . This restoration of spore viability was an initial indication of the presence of a suppressor of the srs2 phenotype.
In the tetrads, MMS resistance segregated 2:2. Since srs2⌬ haploids are resistant to 0.01% MMS, in contrast to homozygous diploids, this result indicated the presence of a single mutation rendering the spores MMS sensitive. After crossing with tester strains with RAD51 deletions, all the sensitive haploids, but none of the resistant ones, gave rise to MMS-sensitive diploids, indicating that the new mutation was in RAD51. After crossing with srs2 tester strains, only the sensitive haploids gave rise to MMS-resistant diploids (srs2⌬/srs2⌬ rad51-x/ RAD51). This resistance was thus dependent on the expression of both the rad51-x and RAD51 alleles. This situation was the same for all isolates, indicating that their resistance was due to the presence of a heterozygous rad51 mutation, codominant with the wild-type allele, for the suppression of the MMS sensitivity of srs2⌬ homozygous diploids.
Molecular characterization of the semidominant rad51 mutations. The rad51 genes of the 26 independent suppressors (including rad51-10) were sequenced after amplification by PCR. Compared with the wild-type gene, each sequence had a single base pair substitution leading to one amino acid replacement.
The 26 mutations affect 18 different protein residues (Fig. 1 ). The relatively large number of potential suppressor sites and the absence of any regularity in amino acid substitutions, some changes being conservative (L261I) and others not (H257Y, G346C), suggest that the constraints for giving the suppressor phenotype are not very high and that suppressiveness is due to loss of a function rather than to a new activity of the protein.
Distribution of the suppressor mutations. The distribution of the suppressor mutations among the 400 amino acids of Rad51 is not uniform (Fig. 1) : they are all located between residues 190 and 354, i.e., roughly in the carboxy-terminal half of the molecule. Since we have analyzed 26 independent mu- c These two possibilities reflect the different alignments, as discussed in the text.
d The rad51T324N allele corresponds to rad51-10 (1).
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tants and since some sites were recovered several times, this distribution is most likely to have biological significance. In fact, the mutations are localized to regions sharing homology with RecA and in domains proposed to be involved in ATP reactions or in regions involved in monomer-monomer interactions (38, 40) . None of them affects the N-terminal part of Rad51. Donovan et al. (9) have shown that the first 151 amino acids contain protein interaction domains. The fact that no mutation was found in this region probably indicates that a mutation located there would not be selected as a suppressor of the MMS sensitivity of srs2 Ϫ diploids. Possible role of the mutated sites. The suppressor mutations preferentially affect residues which are the most conserved among the RecA-like proteins. Of the 18 residues that were mutated in Rad51, 14 (78%) are identical in Dmc1. This proportion differs significantly from the 53% overall identity between the 185 aligned residues of these two proteins shown in Fig. 1 . Similarly, for Rad57, RecA, and UvsX, the identities with Rad51 in the aligned segments are 27, 24, and 21% while the frequencies of mutations affecting identical residues are 50, 44, and 45%, respectively. This correlation between the evolutionary constraints and the possibility of mutation to a suppressor allele indicates that these residues are of special importance in the recombinational activity of the protein.
The putative localization and putative role(s) of the Rad51 mutations are indicated in Table 1 , as are the corresponding residues of RecA which are also represented on the crystal structure of the RecA monomer (Fig. 2) . The determination of this structure (39, 40) and comparison to the Dmc1, RecA, and UvsX proteins led Story et al. (38) to postulate a role for some of the conserved residues. Twelve amino acids are purported to be directly involved in ATP binding, ATP hydrolysis, and/or conformational changes induced by ATP. Among the corresponding sites in Rad51, six were found to be mutated in the srs2 suppressors (rad51S192F [S192F], E221K, D280G, N325Y or N325K, G346C, and G347R or G347D). To this category of mutations affecting ATP reactions one should add G190D (40); the numbers correspond to ␤-sheets, and the letters correspond to ␣-helical segments. L1 and L2 are the disordered loops that bind ds and ss DNA. The boxed amino acids correspond to the mutated sites found in the Rad51 suppressor mutants. Boldface letters indicate class I conserved amino acids important for ATP binding, hydrolysis, or conformational changes (38) (39) (40) . Italic letters indicate class II conserved amino acids of RecA proteins (38) . The alignment in the region of tyrosine 103 of RecA is an alternative alignment with respect to previously published alignments.
FIG. 2. Localization in the
RecA monomer crystal structure of the residues that would correspond to the Rad51 mutated sites. Letters and numbers that designate the different structural domains are as described in the legend to We consider the case of the mutation at site R-228 separately because previously published comparisons of RecA and Rad51 have not aligned this residue with a corresponding one in RecA. In those comparisons, a gap was introduced so that Y-103 of RecA, which is involved in stacking with adenosine, was aligned with either Y-249 or F-236 of Rad51. We propose a different alignment, with no gap in this region, in which R-228 of Rad51 corresponds to Y-103 of RecA. It is worth noting that Dmc1, Rad55, and Rad57 also have an arginine at this position (Fig. 1) . Since an interaction between an arginine residue and an aromatic ring has been described for tyrosine kinases (43), we think it is possible that R-228 of Rad51 plays the same role in stacking with adenosine as does Y-103 of RecA. Therefore, on the basis of the RecA model, at least 8 mutations, and possibly 10, appear to be intimately related to ATP binding, ATP hydrolysis, or ATP-induced allosteric changes.
Six mutated sites correspond to domains of RecA implicated in interactions between monomers (Fig. 2) . H-257 and L-261 correspond to Q-124 and I-128 of RecA, which are located in helix E. D-289 and F-290 correspond to E-154 and I-155, which are in a nearby nonstructured region of RecA. These four residues are on one interface of the RecA monomer, and among them, Q-124, I-128, and I-155 may be directly involved in interactions, based on their loss of solvent accessibility upon polymer formation (40) . Two other mutated sites, A-351 and S-354, correspond to K-216 and A-219 of RecA, which are in helix G, which forms a part of the other monomer interface. K-216 may also be directly involved in intersubunit interactions. In vitro mutagenesis of this amino acid was shown to result in a severe loss of RecA activity when the substitution was with phenylalanine (37), which is the case for our corresponding mutation in Rad51.
The two last mutated residues, M-307 and L-310, correspond to M-171 and A-174 of RecA, which are located in helix F. Their role is difficult to predict. This helix may not be directly involved in protein-protein interactions but could be involved in intramolecular conformational changes; two amino acids of this helix, S-172 and R-176, lose their solvent accessibility upon RecA polymer formation (40) .
No mutations were found in the regions that correspond to the disordered L1 and L2 loops of RecA, which are thought to interact directly with DNA; however, mutations D289V and F290S would be at the border of the L2 loop and might interfere with DNA binding and/or, as stated above, with interactions between monomers. Similarly, the two mutations V322F and T324N may affect not only conformational changes but also the stabilization of the L2 DNA-binding loop, since they would be located in ␤-sheet 5.
Recombinational repair and recombination deficiency in haploids or hemizygous diploids. The effect of the different rad51 mutations on recombinational repair was studied in haploids and hemizygous rad51-x/rad51⌬ diploids. The results of these experiments are not shown since they were not significantly different from those obtained with strains bearing a deletion of RAD51 (1) . In all cases, the gamma-ray inactivation curves of haploids indicated that recombinational repair involving sister chromatids was abolished. Diploids were exponentially inactivated, indicating that repair by recombination between homologous chromosomes was also ineffective. In addition, the UV sensitivity of both haploids and diploids was only moderately affected, a characteristic of cells deficient in recombination.
The effects of the mutations on intragenic recombination and on meiosis were studied in diploids that were heteroallelic for HIS7. The induction of histidine prototrophs by both gamma rays and UV was severely depressed. After meiosis, the yield of asci was about 10% of that of the wild-type control and spore viability was very low. In all these respects, the new alleles appear to be completely deficient for Rad51 function.
Semidominance of the new alleles. (i) Effect on survival of cells subjected to gamma and UV irradiation. These rad51 alleles differ from a rad51 deletion, which is recessive, in their semidominance: in the heterozygous state, the rad51 alleles increase the gamma-ray resistance of srs2 Ϫ diploid cells, which are otherwise highly sensitive, and they decrease the resistance of SRS2 ϩ diploids. The amplitude of these effects is dependent on the rad51 allele. Figure 3 shows the survival of gammairradiated diploids that are heterozygous for either G190D or S354F in the SRS2 ϩ (Fig. 3A) or srs2 Ϫ (Fig. 3B ) context. Strains with these two alleles were chosen as examples of mutations having quantitatively different effects. G190D (mutated in the A motif of the ATP binding site [ Fig. 1]) allele that confers the highest gamma-ray sensitivity to SRS2 ϩ cells and the smallest increase in resistance to srs2 Ϫ cells, while S354F (mutated in the C-terminal region of the protein) has much smaller sensitizing effects. The gamma-ray doses corresponding to 37% survival of strains heterozygous for the different rad51 alleles, in both the SRS2 ϩ and srs2 Ϫ contexts, are shown in Fig. 4A . All of them confer on SRS2 ϩ cells an increased gamma-ray sensitivity, ranging from 1.9-to 9-fold, and they confer on srs2 Ϫ cells an increased resistance, ranging from 2.6-to 5.7-fold. There is a relationship between the degree of the negative effect in SRS2 ϩ cells and the degree of suppression of the srs2 Ϫ sensitivity; in general, the smaller the negative effect, the greater the suppression.
It is striking that, except for cells that are heterozygous for L261I, L310F, or V322F, which have the smallest sensitizing effect on SRS2 ϩ cells, the heterozygous diploids are significantly more resistant in the srs2 Ϫ context than in the SRS2 ϩ context (Fig. 4A) . The effects of all these alleles on UV responses were also studied. Only the results obtained with the G190D and S354F heterozygous diploids are shown (Fig. 5) . In the SRS2 ϩ context, survival at the level of 37% was reduced for these two diploids by factors of 1.9 and 1.3, respectively (Fig. 5A) . The reduction factors for the other mutant strains were between these two values; they never exceeded the reduction conferred by a homozygous deletion of RAD51. The fact that the reduction factors are smaller after UV irradiation than after gammaray treatment likely relates to alternative repair modes operating on UV lesions. In the srs2 Ϫ context, the high sensitivity of the wild-type homozygous diploids was suppressed by all the heterozygous alleles, at least to the level of rad51⌬ homozygotes (Fig. 5B) . Furthermore, in all cases, survival was higher in the srs2 Ϫ background than in the SRS2 ϩ context (as was observed after gamma rays), the dose corresponding to 37% survival being larger by a factor of 1.5, as a mean.
(ii) Effect on intragenic recombination. The induction of recombinants in the HIS7 gene is illustrated in Fig. 3 (gamma rays) and Fig. 5 (UV) for the G190D or S354F heterozygotes and in Fig. 4B for the gamma-ray inductions in the whole series (Fig. 3A ) the rate of induction of HIS ϩ cells was reduced about 10-fold by G190D compared with the response of wild-type cells (SRS2 ϩ RAD51/RAD51), while the induction was unaffected by the presence of S354F. Except for G190D, which considerably reduced the induction, the alleles had no or only a small effect (Fig. 4B) . The fact that only the highly sensitive diploids with G190D showed a decreased induction with respect to wild-type cells could mean that recombination is so poisoned by this mutation that recombinational repair accounts for little of survival. In the presence of the srs2 homozygous mutation (Fig.  3B) , which confers a hyperrecombinational phenotype, the heterozygous G190D allele reduced the induction 12-fold, to a level 4 times smaller than that of wild-type cells, while the heterozygous S354F allele reduces it 3-fold, to the level of the SRS2 ϩ wild-type cells. As shown in Fig. 4B , all the heterozygous rad51 alleles abolish the hyperrecombination effect of the srs2 mutation.
After UV irradiation (Fig. 5 and data not shown) , G190D reduced the induction 10-fold in the SRS2 ϩ background while S354F had no effect. The hyperinducibility characteristic of srs2 Ϫ cells was suppressed by all the alleles to a level that never exceeded that of wild-type SRS2 ϩ cells, the largest effect being conferred by G190D, which, after a UV dose irradiation of 30 J/m 2 , reduces the induction by 70-fold with respect to srs2 Ϫ cells and by 10-fold with respect to wild-type cells. Taken together, these results support the view that the different rad51 heterozygous mutations suppress very efficiently the srs2 Ϫ defects and differentially affect recombinational repair, as evidenced by the survival rates after gamma irradiation.
(iii) Effect on meiosis. The srs2⌬ homozygous diploids sporulate as efficiently as isogenic wild-type cells, but spore viability is reduced to 40% compared with 96% for the wild-type strain (1) . In the presence of the heterozygous rad51 alleles, this spore nonviability was, depending on the allele, partially or totally suppressed. For instance, the percentages of viability, based on 20 dissected tetrads, were found to be 40% in the srs2⌬/srs2⌬ RAD51/RAD51 cells, 73% in the rad51G190D/ RAD51 and 98% with the rad51T324N/RAD51 alleles (G190D and T324N are mutations that confer strong and moderate gamma-ray sensitization, respectively, when heterozygous). This indicates that the spore lethality in srs2⌬ cells relates to abortive recombinational repair mediated through the RAD51 pathway. In the SRS2 ϩ context, an effect of the heterozygous rad51 alleles was found only with those cells that were the most negative dominant for gamma-ray resistance. The spore viability was 69% for the rad51G190D/RAD51 cells, while values of 96 and 98% were found for rad51T324N/RAD51 and RAD51/ RAD51 diploids, respectively. The effect of srs2⌬ appears, therefore, to be totally suppressed by any of the rad51 heterozygous alleles. In cases in which spore nonviability was observed in the srs2 Ϫ context, it was likely due only to the dominant negative effect of the rad51 allele and not to a residual effect of srs2⌬, since similar viabilities were found in the SRS2 ϩ cells and srs2 Ϫ cells (73 and 69%, respectively, for the rad51G190D heterozygous cells).
DISCUSSION
The rad51 alleles described here confer the following properties. (i) The mutants, as haploids or hemizygous diploids, are as deficient in recombinational repair and, for diploids, in induced recombination as are cells with RAD51 deletions. (ii) Heterozygous diploids, rad51-x/RAD51, are more gamma-ray sensitive than wild-type RAD51/RAD51 cells. (iii) The gammaray sensitivity of diploids lacking the Srs2 helicase is partially suppressed in the presence of a heterozygous rad51-x/RAD51 pair of alleles, and these srs2 Ϫ diploids are more resistant than the corresponding SRS2 ϩ cells. The two last properties, negative semidominance and suppression of srs2 Ϫ sensitivity, are not conferred by a heterozygous rad51 deletion and are related, since all the alleles have both effects, although to different degrees. This is obviously due to the fact that we isolated the alleles by selecting suppressors of the MMS sensitivity of srs2 Ϫ diploids. This screening required that the mutants have a decreased recombination efficiency in order to diminish the occurrence of lethal recombination events in srs2 Ϫ cells but at the same time keep a residual recombination activity to render the cells MMS resistant (see below).
Possible function of the amino acids substituted in the suppressors. The structures of the RecA-ADP crystal and the RecA filament (38) (39) (40) , together with a number of genetic data (for a review, see reference 18), have permitted the assignment of particular functional roles to specific residues and protein domains. Because of the structural similarities and sequence homologies between Rad51 and RecA, one can speculate on the role(s) of the amino acids that are substituted in our set of rad51 mutants. For most of the homologous regions, the alignment is unambiguous because of the conservation of residues or blocks of residues. In some regions, however, alternative alignments can be proposed, which means that the exact correspondence between residues of the two proteins can only be hypothesized. For instance, this is the case for the region containing R-228, which we propose corresponds to Y-103 of RecA (see Results).
The rad51 mutants can be placed in two major classes on the basis of the putative roles of the mutated sites (Table 1 and It is striking that while a majority of the sites involved in ATP reactions have been detected, very few mutations in the interface regions were recovered. As a whole in RecA (40), 19 .4% of the surface area of the monomer is implicated in subunit interactions, and 55 residues would participate directly in interactions upon polymerization. Seven stretches of amino acids in the monomer form the two interfaces, and they have counterparts in Rad51. In view of the number of rad51 mutants that we analyzed and of the number of potential domains of interactions, the class of mutations affecting interactions between monomers appears to be underrepresented among the srs2 Ϫ suppressors. Only two mutations affect the interface formed by ␣-helices A and G and ␤-strand 0. These sites, A-351 and S-354, are in helix G, and the mutations may indirectly affect ATP-induced conformational changes, for which G-346 and G-347 are needed. It should, however, be noted that mutations, on this interface, preventing only interaction between monomers would probably not have been selected in our system, assuming that the elongation of polymers is polarized with respect to ss DNA, as it is for RecA. Both the crystal structure of the polymer (40) Negative semidominance of the rad51 alleles. The alleles that we have selected are all negative semidominant, a condition imposed by our screening that implies suppression of the MMS sensitivity of srs2 Ϫ diploids. Since the haploids or homozygous-mutant diploids are almost completely deficient in recombinational repair, we believe that we have selected mutations that do not prevent, in the presence of the wild-type allele, the incorporation of the mutant protein into the filament but decrease its activity or prevent its elongation, as supported by the possible roles of the mutated residues. Such semidominant mutations that prevent ATPase activity have been described in Escherichia coli (30) .
Although all the mutations render the cells recombination defective, the amplitude of the dominant negative effect depends on the allele: at 37% survival, the increases in sensitivity to gamma rays, compared with the wild type, range from 1.9-to 9-fold (Fig. 4A ). This amplitude is expected to depend not only on the site which is mutated but also on the type of substitution. We did not quantify the effects of different substitutions at the same site. It is worth noting that mutations that presumably lie in the same domain, like M307R and L310F in helix F or V322F and T324N in ␤-sheet E, confer largely different semidominance. This is the only criterion, in our experiments, by which the effects of these mutations can be differentiated.
Among the most dominant negative alleles are mutations that would affect ATP binding (G190D, S192F, and D280G), while mutations involved in hydrolysis or conformational changes (E221K, N325Y, G346C, and G347D) have a smaller effect (Table 1 and Fig. 4A ). One should recall that in the absence of ATP, Rad51 was shown in vitro to be unable to bind ds DNA but to retain, although through a weaker association, a stoichiometric binding activity on ss DNA (36) . Another mutation in the GKS motif, K191A, also inactivates Rad51 (36). Donovan et al. (9) found this mutation to be semidominant, but the overexpression system that they used makes quantitative comparisons with our mutants impossible.
Recombination activities kill the srs2 ؊ cells. Another aspect of this study concerns the relationships between Srs2 and recombination. The complexity of the situation requires a recapitulation of the properties of srs2 Ϫ mutants. The srs2 Ϫ diploids have a spontaneous and induced hyperrecombination phenotype. The cells are highly sensitive to the killing effect of both ionizing and UV radiation. This sensitivity is due to the recombination system since the UV sensitivity is suppressed by homozygous mutations in several genes needed for recombination, like RAD51, RAD52, RAD55, RAD56, and RAD57 (reference 1 and unpublished results). Thus, after UV irradiation, abortive events of recombination are initiated on structures other than double-strand breaks (DSBs) since DSBs would be repaired poorly or not at all in the presence of the abovementioned rad mutations. These structures, possibly ss gaps containing a lesion, could be formed by excision events prior to post-irradiation replication or, nonexclusively, during replication if a lesion blocks polymerase progression. We imagine that they would be bound by recombination proteins, leading to recombination events that are often abortive. The fact that the srs2 Ϫ cells recover their UV resistance in the absence of recombination indicates that the structures are repaired by an alternative process. Since the phenotypes of srs2 Ϫ diploids are the same after both gamma-ray and UV treatments (hypersensitivity both to the lethal and to the recombinogenic effects), it is reasonable to think that the gamma-ray sensitivity of the mutant also relates to abortive recombination events that could be initiated on DSBs or on other structures. Knowing that abortive recombination events are responsible for the radiation sensitivity of srs2 Ϫ diploids, it was not surprising to us that the suppressors led to a decreased recombinational repair efficiency.
Possible role(s) of the Srs2 helicase in repair. Several hypotheses on the role of Srs2 in wild-type cells would account for the mutant phenotypes. (i) Srs2 may prevent the formation of the recombinogenic structures postulated above and could be associated with the replication machinery if, in the mutants, these structures result from replication. (ii) Srs2 could have a role in the nonrecombinogenic processing of ss regions, and in its absence their metabolism would be channelled to recombination. (iii) The Srs2 activity could be more intimately related to recombination and could limit the extension of recombination structures and even eliminate some of them. The Srs2 helicase, which has a 3Ј-to-5Ј polarity (31) , has homology to the UvrD helicase of E. coli (2). Morel et al. (25) have shown that UvrD has antagonist activities in vitro: at high concentrations it stimulates strand exchange between homologous DNAs, but at lower concentrations it inhibits RecA-mediated pairing and even reverses synapsis. Srs2, which is in low concentrations in the cells (12, 32) , and UvrD might share these activities. It would account for the hyperrecombination phenotype of the srs2 mutants as well as for their radiation sensitivity, assuming that the presence of numerous lesions could prevent the establishment of resolvable recombination structures, leading to abortive recombination events. One role of Srs2 would be to reverse such structures.
This last hypothesis is supported by the finding that in almost all cases, diploids heterozygous for a given rad51 mutant allele are more gamma-ray resistant in the srs2 Ϫ background than in the SRS2 ϩ context (Fig. 4A) . It is possible that Srs2 recognizes the recombination structures containing the mutated Rad51 protein and reverses the structure. If the structure was initiated by a DSB, then the lesion is lethal. In the absence of Srs2, the structure is not reversed and is repaired, thanks to the fact that the recombination activity is leaky. Interestingly, reports from three different laboratories showed that a deletion of SRS2 suppresses the gamma-ray or MMS sensitivity conferred by leaky alleles of RAD52 but not by a RAD52 deletion (17, 23, 33) . Because Rad52 binds Rad51, it is likely that this suppression by srs2 and the suppression by srs2 observed earlier for rad51-10/RAD51 diploids (2) and in the present study for the other rad51 heterozygous cells have the same cause.
In summary, we favor the hypothesis that Srs2 limits the extension of heteroduplexes and/or reverses abnormal structures of recombination. Such structures could be formed when numerous DNA lesions interfere or when mutated recombination proteins are included in the complex. In our view, this hypothesis accounts for the different effects of srs2. (i) srs2 Ϫ cells are sensitive to radiation as a result of the recombination process. (ii) Knocking out recombination suppresses the defects of srs2 mutants provided that the recombination substrate is repairable by an alternative mechanism. (iii) Decreasing the efficiency of recombinational repair partly suppresses the sensitivity of srs2 Ϫ cells. (iv) The negative effect on recombinational repair conferred by leaky alleles (or combinations of alleles) of recombination genes, at least of RAD51 or RAD52, is partly related to the Srs2 activity since it is less pronounced in the absence of the helicase. The negative semidominant alleles of RAD51 that we isolated as suppressors of the MMS sensitivity of the srs2 Ϫ diploids have amino acid substitutions in sites essential for the activity of the protein. In the presence of the wild-type protein, the mutated monomers would poison the nucleofilament or prevent its elongation. Most of the 18 sites identified in this study have been conserved during evolution. Knowing the effects of substitutions at many sites of Rad51 should help us to understand the structure-activity relationships in the protein, and in vitro studies with purified proteins might differentiate the level of the defect(s) conferred by the different mutations.
